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Introduction 


Diamond  is  an  excellent  candidate  material  for  various  electronic  microwave  devices  as 
well  as  devices  for  use  in  high  temperature  and/or  high  flux  radiation  environments  and  for 
high  current  density  or  high  power  applications.  This  very  diverse  applicability  is  due  to  its 
superior  thermal  conductivity,  saturated  drift  velocities,  resistance  to  chemical  attack  and 
thermal  stability.  However,  to  realize  this  potential  of  diamond,  high  quality  monocrystalline 
films  must  be  grown  and  thoroughly  characterized.  The  latter  research  is  necessary  as  an 
iterative  procedure  for  the  improvement  of  the  growth  process  and  to  guide  future  device 
design  and  fabrication.  To  achieve  these  goals,  the  NCSU  diamond  program  couples 
investigators  from  four  departments  to  obtain  a  unique  combination  of  expertise  and 
experience. 

More  specifically,  the  principal  objectives  of  this  collaborative  research  are  to  (1)  grow 
monocrystalline  diamond  films  on  suitable  substrates  such  as  Ni  and  SiC  using  both  past  and 
newly  generated  knowledge  regarding  gas  species  generation,  deposition  and  reaction,  and 
energy  and  momentum  transfer  at  the  growing  surface,  (2)  characterize  these  films  in  terms 
of  bonding,  structural  and  electrical  character,  (3)  model  and  fabricate  device  structures  from 
these  films  and  (4)  work  in  a  collaborative  manner  with  personnel  at  the  Research  Triangle 
Institute  in  their  diamond  fabrication  research. 

This  report  is  comprised  of  several  papers  which  have  been  published  or  submitted  for 
publication  during  the  past  year.  These  manuscripts  discuss  the  most  important  progress 
during  this  period.  Copies  of  view  graph  s/slides  from  the  recent  SDIO/IST-ONR  Diamond 
Technology  Seminar  are  also  included  which  give  even  more  recent  results  from  this  program. 
A  summary  of  the  most  significant  results  is  given  below: 

Substrates:  Cu  single  crystals  have  been  grown  in  a  newly  constructed  Bridgemann  furnace 
for  use  as  lattice  matched  substrates.  Spark  cutting  and  polishing  have  been  accomplished  to 
prepare  the  samples  for  diamond  growth.  Such  substrates  have  been  supplied  to  other  SDIO 
sponsored  programs  as  well  as  NCSU.  The  furnace  has  also  been  prepared  for  Ni  growth.  A 
literature  survey  of  potential  substrates  which  are  both  energy  and  lattice  matched  with 
diamond  has  also  been  recently  completed  and  promising  materials  are  currently  being 
utilized  for  diamond  growth. 


Diamond  Growth:  Two  chemical  vapor  deposition  systems  have  been  designed  and 
constructed  and  one  has  been  characterized  by  growth  parameter  variations.  Both  hot 
filament  and  microwave  plasma  methods  are  under  investigation  and  a  variety  of  unique 
capabilities  have  been  incorporated  into  the  systems  (ultra  high  purity,  in  situ  analysis 
techniques,  remote  and  immersed  plasma,  etc.).  Results  using  various  single  crystal 
substrates  (Si,  SiC,  Cu,  CuNi,  NbC,  SiC/Ni)  have  been  obtained  indicating  that;  (i)  surface 
steps  have  no  affect  on  the  nucleation  of  diamond,  (ii)  carbide  substrates  studied  do  not  help 
form  monocrystalline  films,  (iii)  lattice  matching  is  probably  a  necessary  but  not  sufficient 
condition  for  two  dimensional  film  growth.  These  results  led  to  the  literature  survey 
discussed  above. 

Diamond  Characterization:  Analysis  of  films  via  SIMS,  SEM,  TEM,  AES,  XPS,  and  EELS 
has  been  completed.  This  includes  the  first  high  resolution  lattice  imaging  of  CVD  diamond  in 
both  plan-view  and  cross  section.  The  major  characterization  results  indicate  that  (i)  films  of 
relatively  high  purity  composed  of  true  diamond  can  be  easily  achieved,  (ii)  very  high  defect 
concentrations  are  present  due  to  the  growth,  (iii)  interface  buffer  layers  are  present  during 
slower  growth  runs  and  increase  adhesion  to  the  substrate  and  (iv)  certain  substrate/particle 
orientational  relationships  observed  are  encouraging  with  regard  to  achieving  epitaxial  films 
in  the  future. 

Device  Modeling:  Diamond  Power  MESFET  devices  have  been  theoretically  evaluated 
using  a  complex,  large  signal  device  simulator.  They  were  found  to  be  capable  of  generating 
RF  output  power  levels  greater  than  existing  and  proposed  semiconductor  transistors 
including  GaAs  (-1.5  vs.  25  W/unit  width  for  GaAs  vs.  Diamond,  respectively).  An  efficiency 
for  the  diamond  in  excess  of  40%  was  determined  and  diamond  was  found  to  have  a  more 
linear  response  and  greater  dynamic  range  than  GaAs  in  the  MESFET  structures.  These 
results  indicate  the  exceptional  potential  for  diamond  electronic  devices  using  the  known 
properties  of  natural  diamond. 
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ABSTHUrT 

Diamond  is  an  excellent  candidate  material 
for  use  in  electronic  and  wear  resistant  coating 
applications  due  to  its  hardness,  strength, 
thermal  conductivity,  high  electron  drift 
velocity,  chemical  and  thermal  stability, 
radiation  hardness  and  optical  transmission. 
Electronic  devices  of  particular  interest  include 
high  power /high  frequency  devices  and  devices  to 
be  utilized  in  high  temperature,  chemically  harsh 
and/or  high  radiation  flux  environments.  The 
recent  development  of  techniques  for  growth  of 
crystalline  diamond  films  using  low  pressure  gases 
has  created  the  potential  for  growing  thin  films 
for  such  electronic  devices  or  wear  resistant 
coatings.  In  this  research,  diamond  thin  films 
grown  on  silicon  by  microwave  plasma  enhanced 
chemical  vapor  deposition  were  characterized  by  a 
variety  of  materials  analysis  techniques  including 
secondary  ion  mass  spectroscopy  (SIMS),  x-ray 
photoelectron  spectroscopy  (XPS),  scanning 
electron  microscopy  (SEM) ,  transmission  electron 
microscopy  (TEM) ,  and  infrared  spectroscopy  (IR) . 
This  paper  reports  the  characterization  of  these 
polycrystalline  diamond  films  and  discusses  the 
impurities,  bonding,  and  structure  of  the  as-grown 
diamond  films. 


1.  IKXRQDUCTIQN 

The  current  emphasis  on  obtaining  electronic- 
grade  diamond  films  can  be  understood  in  terms  of 
the  many  potential  applications  which  arise  from 
its  exceptional  electronic,  thermal,  and 
mechanical  properties.  The  electron  and  hole 
mobilities  in  diamond  are  very  high  (2000  and  180C 
cm2 .  V1 .  sec-1,  respectively).1  Diamond  also  has  a 
much  higher  thermal  conductivity  (from  1000  to 
10,000  W/m-K)2  than  even  copper,  which  is 
considered  a  good  thermal  conductor .  Diamond 
films  may  thus  be  utilized  as  heat  sinks  on  which 
to  mount  various  electronic  devices  fabricated 
from  more  conventional  semiconductors  such  as  Si 
or  GaAs.  Other  potential  uses  in  electronics 
include  microwave  devices  as  well  as  devices  to  be 
employed  in  high  power,  high  current  density,  high 
temperature  and/or  high  radiation  flux 
applications.  Researchers  have  deposited 
polycrystalline  diamond  films  via  RF-plasma  CVD2, 
microwave  plasma  CVD,4’5  and  electron  assisted 
CVD6,7  on  a  variety  of  substrates  such  as  Si,  {5- 
SiC,  Mo,  and  Ni.  Thus  far,  single  crystal  diamond 
films  have  only  been  obtained  on  diamond 
substrates .  An  understanding  of  the  basic  science 
of  diamond  growth  and  application  of  this 
knowledge  to  produce  de vie e -qua  1 i t y 
monocrystalline  diamond  films  must  be  obtained 
before  new  technology  utilizing  diamond  films  for 


devices  can  be  developed.  Therefore,  the  goal  of 
this  research  is  to  better  understand  the 
properties  of  these  diamond  films  in  order  to 
apply  this  knowledge  toward  future  research 
involving  the  growth  of  single-crystal  diamond 
films  on  non-diamond  substrates. 


2.  Expertmentai. 

2.1  Microwave  Plasma  Enhanced  CVT  System 

A  schematic  of  the  deposition  system  used  tr. 
grow  the  diamond  films  in  this  research  is  shown 
in  Figure  1.  The  2.45  GKz  microwave  power  source 
used  was  guided  through  an  isolator  and  a  three 
stub  tuner  to  the  quartz  tube  reaction  chamber 
which  is  44  mm  in  inner  diameter.  The  substrate 
was  placed  ir.  the  quartz  tube  which  was  in  the 
path  of  the  rectangular  wave  guide.  The  substrate 
temperature  depended  strongly  or.  the  microwave 
power  and  gas  pressure  since  microwave  induction 
heating  and  plasma  gas  collisions  were  responsible 
for  substrate  heating  (to  other  substrate  heating 
was  utilized) . 


Power  monitor 


Figure’  1.  Schematic  diagram  of  the  microwave 
plasma  CVD  system. 


On  assignment  from  Kobe  Development 
Corporation,  Research  Triangle  Park,  NC 
27709. 
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2.2  Growth  Conditions 

The  diamond  films  analyzed  in  this  research 
were  grown  on  2  cm  by  1  cm  n-Si(lll)  substrates 
immersed  in  a  CH4/H2  plasma  generated  by  the  2.45 
GHz  microwave  source  .  The  substrate  temperature 
was  measured  by  an  optical  pyrometer  and  was 
maintained  at  approximately  800  °C  by  controlling 
the  microwave  power  (which  was  typically  300-350 
watts) .  The  total  pressure  in  the  chamber  was 
maintained  at  30  Torr  and  only  the  CH4/H2  ratio  in 
the  feedgas  was  varied  for  the  films  studied  in 
this  work. 

'  3.  RESULTS 

3.1  Secondary  Ton  Mass  Spectrometry  (SIMS) . 

SIMS  Analysis  was  conducted  on  diamond  films 
(grown  with  1.0%  CH4  in  H2)  utilizing  a  Cameca 
IMS-3f  direct  imaging  microprobe  in  order  to 
determine  the  ingmrity  elements  present.  Scans  of 
ion  counts/sec  vs.  atomic  weight  (usually  referred 
to  as  bar  graphs)  ,  depth  profiles,  and  chemical 
maps  were  conducted  on  two  samples  using  an  O' 
primary  ion  beam.  Unfortunately,  accurate 
quantification  of  SIMS  data  (i.e.,  atomic 
concentrations)  is  not  possible  unless  implanted 
standards  are  utilized.  This  requires  that  each 
impurity  whose  concentration  is  desired  be 
implanted  into  "standard"  films  at  known  ion  doses 
and  be  used  for  comparison  with  the  unknown 
concentration  of  that  impurity  in  the  films  of 
interest.  This  is  well  suited  for  the  analysis  of 
specific  dopant  level  concentrations  but  is  not 
feasible  for  a  large  number  of  impurities  as  is 
needed  in  an  overview  analysis  due  to  the  time  and 
expense  of  implanting  and  analyzing  the  standards. 
Nonetheless,  if  utilized  properly,  SIMS  can 
discern  various  important  facts  about  impurities 
in  a  material  as  discussed  below  for  these  diamond 
films . 

3.1.1  Bar  Graphs 

Ionic  counts  per  second  were  recorded  for 
molecular  weights  from  1  to  200.  During  this 
sweep,  molecular  filtering  was  utilized  to  avoid 
interference  from  molecular  (as  opposed  to 
elemental)  species  generated  during  the  analysis. 
However,  interference  is  still  possible,  thus 
relative  isotope  abundance  patterns  were  utilized 
to  identify  elements.  As  discussed  previously, 
quantification  is  not  possible  due  to  the  absence 
of  standards  for  diamond  SIMS  analysis.  However, 
a  very  rough  order  of  magnitude  approximation  of 
impurity  concentrations  can  be  obtained  if  matrix 
effects  are  ignored  and  published  relative  ion 
yield  data®  is  utilized  to  determine 
concentrations  relative  to  C  ion  yield.  The 
results  of  such  an  analysis  are  shown  in  Table  1 
for  two  samples.  The  identification  of  the 
elements  present  is  believed  to  be  accurate  but 
caution  should  be  exercised  in  the  use  of  the 
concentration  values. 


Table  1.  SIMS 

compositional 

analysis 

Film  *1 

Film  *2 

Hydrogen 

0.2 

0.2 

Oxygen 

0.7 

0.9 

Aluminum 

0.03 

0.05 

Silicon 

0.03 

0.003 

Nitrogen 

0.1 

Trace  Impurities  (  <1000  ppm  )  :  Mg,  Ca,  Na, 

Cl,  K,  Fe,  Cu,  Ti,  Zn,  Cr 

Besides  the  lack  of  standards,  inaccuracies 
arise  due  to  impurity  segregation  which  causes 
much  higher  local  concentrations  since  the  image 
field  for  these  bar  graphs  (-150  nms)  is  larger 
than  segregated  regions  as  discussed  below.  When 
different  scans  yielded  different  concentrations 
due  to  this  segregation,  the  maximum  concentration 
observed  is  given.  Furthermore,  a  high  hydrogen 
background  and  the  use  of  0”  as  the  primary  beam 
imply  that  data  for  these  elements  are  approxima¬ 
tions  of  the  upper  bounds  on  the  concentration* 
and  in  actuality  they  may  be  much  lower  . 
Nonetheless,  the  film  has  been  determined  to  be 
mostly  carbon,  the  impurity  elements  have  been 
identified,  and  rough  approximations  of  upper 
bounds  of  their  concentrations  have  been 
determined. 

Since  the  Cameca  instrument  is  a  direct 
imaging  probe,  chemical  mapping  of  impurities  was 
also  accomplished  with  a  spatial  resolution  of  -5 
to  10  (im  and  an  image  field  of  400  nm.  Although 
this  data  could  not  be  quantified,  it  indicated 
that  the  silicon,  aluminum,  oxygen,  and  hydrogen 
were  segregated  in  regions  ranging  from  5  to  20  (im 
in  diameter.  Furthermore,  in  certain  areas  these 
elements  appeared  to  come  from  the  same  regions  of 
segregation,  whereas  in  others  the  segregated 
regions  of  different  elements  were  unrelated. 

3.1.2  Depth  Profiles 

Depth  profiles  of  C,  Si,  0  and  K  were  also 
obtained  and  are  shown  in  Figure  2.  The  hydrogen 
ion  yield  is  similar  in  both  the  film  and  the 
substrate  indicating  that  it  is  possibly  due  to 
the  background  level.  Although  the  oxygen 
concentration  appears  to  be  greater  in  the 
substrate  than  in  the  film,  this  is  probably  due 
to  the  change  in  matrix  (i.e.,  diamond  to  silicon) 
interacting  with  the  primary  0*  ion  beam.  Thus, 
no  conclusions  should  be  drawn  about  the  oxygen 
concentrations  except  the  rough  approximation  of 
the  upper  limits  as  discussed  m  section  3.1.1. 
One  of  the  most  interesting  features  of  the  depth 
profiles  of  Kobe  films  are  the  very  smooth 
concentration  changes  across  the  interface.  This 
is  contrary  to  observations  of  some  diamondlike 
films  examined  with  the  Cameca  instrument  which 
show  a  peak  in  the  C  ion  yield  at  the  interface. 
The  absence  of  this  peak  may  be  indicative  of  the 
absence  of  a  buffer  layer  or  its  thm  nature 
(S500A  )  in  this  Kobe  sample. 
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Figure  2.  Depth  profile  of  diamond  film. 

From  the  depth  profiles  it  also  appears  that 
the  change  in  carbon  concentration  across  the 
interface  is  more  rapid  than  the  change  ir. 
silicon.  This  may  indicate  more  silicon  diffusion 
into  the  film  than  carbon  diffusion  into  the 
silicon,  possibly  due  to  the  numerous  grain 
boundaries  in  the  film.  However,  this  is  a  very 
tentative  conclusion  and  has  not  been  verified  by 
repeated  depth  profiling. 


XPS  was  conducted  at  the  Research  Triangle 
Institute  utilizing  a  Leybo Id- He r aeu s 
hemispherical  electron  energy  analyzer  and  twin 
anode  x-ray  source.  Mg  radiation  at  300  W  and  an 
analyzed  area  of  2x10  mm2  was  utilized.  Figure  3 
is  a  wide  energy  range  scan  of  a  diamond  film 
grown  at  1%  methane  in  hydrogen.  The  scan 
contains  x-ray  excited  KLL  Auger  and  Is  peaks  for 
carbon  and  oxygen  as  well  as  silicon  2s  and  2p 
peaks.  The  relatively  high  concentrations  of 
silicon  and  oxygen  may  be  due  to  x-ray  excitation 
of  exposed  areas  of  the  silicon  substrate  where 
diamond  was  not  deposited  as  well  as  silicon  and 
oxygen  surface  contamination.  In  the  XPS  system 
employed,  no  method  of  localizing  the  x-ray  source 
was  possible.  This  broad  energy  scan  indicates 
elements  which  are  present  but  does  not  yield  any 
information  concerning  the  bonding  of  the  carbon. 
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Figure  3.  Wide  energy  range  XPS  scan  of  a  diamond 
film  grown  at  1%  CH4  in  H2 . 

The  more  significant  data  is  obtained  by 
analyzing  the  carbon  Is  peak  using  a  small  energy 
window  as  shown  m  Figure  4 .  This  curve  indicates 
that  the  carbon  is  in  an  sp3  (or  O)  bonding 
configuration  (characteristic  of  diamond) .  If  sp2 
(or  it)  graphitic  bonds  were  present,  a  secondary 
peak  would  be  observed  as  shown  in  Figure  5.  This 
is  confirmed  when  the  intensity  axis  of  this  data 
is  expanded  such  that  the  electron  energy  loss 
fine  structure  to  the  left  (i.e.  lower  energy)  of 
the  carbon  Is  peak  can  be  examined  as  shown  in 
Figure  6.  This  energy  loss  structure  is  seen  to 
be  very  similar  to  that  of  natural  diamond  where 
the  peaks  labelled  Pi,  P2,  and  P3  have  energy 
differences  from  the  Cls  peak  of  11.3,  25.4,  and 
34.1  eV,  respectively.3  Graphite  has  been  seen  to 
yield  a  significantly  different  energy  loss 
spectrum  from  the  Cls  peak.  (Pi,  P2,  and  P3 
positions  are  6.3,  28.1  and  33.3  e  V , 
respectively) . 3 


Figure  4.  XPS  scan  about  the  CXs  peak  energy. 


Figure  5.  XPS  spectrum  from  pyrolitic  graphite 
about  the  Cls  peak  energy . 
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Figure  6.  XPS  spectrum  about  the  Cls  peak  energy 
expanded  such  that  the  electron  energy 
loss  fine  structure  is  evident. 

In  sumnary,  this  XPS  data  indicated  that  true 
diamond  bonding  is  present  at  the  surface  of  the 
diamond  films  without  any  evidence  of  a  graphitic 
component .  It  should  be  noted  that  the  sample  was 
not  pretreated  prior  to  this  analysis.  Thus,  the 
surface  consists  of  diamond  bonding  even  after 
long  exposure  to  the  atmosphere.  This  is 
significant  since  it  is  known  that  certain 
pretreatments  such  as  ion  bombardment  can 
graphitize  the  diamond  surface. 

1*2 — Scanning  Electron  Micrcscccv  t£EMi 

In  order  to  examine  the  surface  morphology  of 
the  diamond  films,  an  Hitachi  S530  scanning 
electron  microscope  ( SEIM )  was  used.  Ail  of  the 
diamond  films  examined  thus  far  consist  of  multi¬ 
faceted  diamond  grains  ranging  from  less  than  one 
micron  up  to  approximately  one  micron  in  size  (as 
measured  across  a  single  facet).  Although  the 
orientation  of  the  individual  diamond  grains 
appears  random  relative  to  the  substrate,  numerous 
facets  have  symmetry  characteristic  of 
crystallographic  planes.  For  example.  Figure  ~ 
shows  that  four-fold  symmetry  cube  faces  are 
present  on  several  of  the  grains.  This  symmetry 
indicates  that  these  faces  are  (100)  planes. 
Other  high  symmetry  planes  such  as  three-fold 
(111)  facets  have  also  been  observed  as  shown  in 
the  micrograph  of  another  sample  shown  in 
Figure  8.  Growth  ledges  on  the  primary  grain  are 
also  observed,  causing  the  surface  of  the  facet  to 
appear  rough.  Another  interesting  feature 
observed  in  Figure  8  is  the  secondary  nucleation 
which  occurred  on  the  large  facet  of  the 
predominant  grain.  This  secondary  growth  appears 
to  have  formed  another  grain  with  three-fold 
symmetry  which  has  a  distinct  relationship  to  the 
primary  face.  These  (111)  planes  tend  to 


predominate  in  samples  grown  below  approximately  from  a  large  area  of  the  sanple  and  the  results  of 
0.4%  CH4  in  82  whereas  (100)  planes  predominate  these  measurements  are  shown  in  Table  2.  In 
between  -0.5%  and  1.2%  CH4/H2.  Above  1.6*  CB4  the  addition,  the  ASTM  spacings  for  natural  diamond 
diamond  particles  become  micxocrystalline  with  no  are  included  in  the  table  for  comparison. 
°b»ervabie  facets.  Excellent  agreement  between  the  CVD  diamond  films 

and  natural  diamond  is  observed. 


Figure  7.  SEM  micrograph  of  diamond  film  with 
fourfold  faceted  grains. 


Figure  8.  SEM  micrograph  of  threefold  faceted 
diamond  grain. 


■U _ Transmission  Electron  Microscopy  tTZM) 

An  Hitachi  H-800  STEM  at  200  KeV  was  utilized 
to  observe  the  diamond  films  via  plan-view 
transmission  electron  microscopy  (TEM) ,  cross- 
sectional  transmission  electron  microscopy  (XTEM)  , 
and  selected  area  diffraction  (SAD) . 

For  plan-view  TEM,  the  silicon  substrate  was 
first  thinned  to  65  microns  using  600  grit  silicon 
carbide  paper  and  subsequently  polished  with 
0.05  pm  AI2O3  in  water .  The  substrate  was  then 
dimpled  to  a  thickness  of  -10  4m  using  a  steel 
ball  coated  with  1  micron  diamond  paste.  After 
mounting  the  sample  on  a  molybdenum  support  ring, 
the  sample  was  ion  milled  in  a  Gatan  ion  mill 
using  a  6  kv  beam  of  Ar+  ions  from  the  substrate 
side  until  perforation  was  observed.  First,  in 
order  to  confirm  that  the  diamond  structure  was 
present,  the  spacings  of  different  planes  in  the 


Table  2.  Electron  diffraction  data  for  diamond 
film  and  reported  values  for  natural 
diamond. 


hkl 

Observed 

d(X) 

Deported  (ASTM 
d(k) 

111 

2.060 

2.060 

220 

1.265 

1.261 

311 

1.073 

1.075% 

400 

0.896 

0.8916 

331 

0.814 

0.8182 

Figure  9  is  a  plan-view  TEM  of  a  single 
diamond  grain  observed  with  the  electron  beam 
parallel  to  the  1110]  direction.  Numerous  twins 
are  present  on  the  two  (111)  planes  which  are  in 
the  diffracting  condition.  An  indexed  electron 
diffraction  pattern  from  this  grain  is  aiso_showr. 
in_Figure  10.  Twinning  is  found  on  the  (111)  and 
(111)  planes,  as  evidenced  by  the  twin  spots  which 
occur  between  the  regular  spots  and  are  indicated 
on  the  diffraction  pattern.  These  twins  have 
probably  occurred  in  [112]  directions  which  are 
characteristic  of  diamond.  The  streaking  in  the 
diffraction  pattern  is  believed  to  be  due  to 
stacking  faults  or  coherent  twin  boundaries  of 
thickness  less  than  100  angstroms10.  Another 
interesting  feature  of  this  bright  field 
examination  is  that  under  higher  magnification,  no 
particulates  or  other  impurities  were  observed  in 
the  films.  Furthermore,  the  grain  boundaries 
appeared  to  be  very  sharp  within  the  resolution 
limits  of  the  current  study.  Excellent  agreement 
between  natural  diamond  and  the  CVD  diamond  is 
seen.  Furthermore,  no  graphite  or  amorphous 
component  was  observed  during  this  electron 
diffraction  research. 


Figure  9.  Plan-view  TEM  of  a  single  diamond  grain 
observed  with  the  electron  beam  parallel 
to  th*  [110]  direction. 


diamond  grain  were  calculated  using  a  ring  pattern 


Figure  10.  Indexed  electron  diffraction  pattern 
from  the  diamond  grain  in  Figure  17. 

Cross-sectional  TEM  (XTEM)  is  a  particularly 
useful  technique  because  it  allows  detailed  study 
of  the  interface  between  the  film  and  substrate. 
The  procedure  for  preparing  XTEM  samples  of  SiC 
thin  films  has  been  well  established  at  N CSV  and 
was  duplicated  for  the  diamond  films  reported 
here.  It  involves  using  epoxy  to  glue  together  a 
"sandwich"  of  the  film/ substrate  pieces  and 
silicon  support  layers  to  provide  rigidity.  This 
"sandwich"  is  then  thinned  in  much  the  same  manner 
as  the  plan-view  TEM  samples.  Figure  11  is  a 
bright  field  micrograph  of  a  diamond  film  grown  at 
0.3%  CH*/H2  (top)  on  a  Si  (111)  substrate 
(bottom) .The  presence  of  twins  is  again  observed 
in  the  film  as  well  as  elastic  strain  contrast  in 
the  lower  left  area  of  the  film,  probably  due  to 
poor  lattice  matching  and  differences  in  thermal 
coefficients  of  expansion.  An  interfacial  layer 
approximately  50  angstroms  thick  was  also  observed 
between  the  diamond  and  silicon.  A  selected  area 
electron  diffraction  (SAD)  pattern  from  this 
region  indicated  the  presence  of  a  layer  of  beta 
silicon  carbide.  The  orientation  of  at  least  part 
of  this  silicon  carbide  layer  is  believed  to  be 
close  to  (111)  because  the  diffraction  spots  from 
the  SiC  layer  were  aligned  with  the  corresponding 
diffraction  spots  from  the  silicon  substrate.  It 
could  also  be  seen  from  the  diffraction  pattern 
that  the  SiC  spots  were  smeared  slightly, 
indicative  of  the  20%  lattice  mismatch  between 
silicon  and  silicon  carbide . 


Figure  11.  Bright  field  XTEM  micrograph  of 
diamond  film  grown  at  0.3%  CH4/H.2-  Top 
-  diamond  film,  bottom  -  Ci  substrate. 

Figure  12  is  an  XTEM  micrograph  of  a  sample 
grown  at  2.0%  CH4/H2-  The  apparent  interface 
layer  present  is  believed  to  be  an  artifact  of  the 
ion  milling  used  to  thin  the  sample  because  no 
characteristic  defect  contrast  is  observed  and  the 
layer  appears  to  be  only  at  the  surface  (i.e.,  it 
does  not  have  any  depth  contrast  associated  with 
it) .  In  addition,  no  other  phase  was  observed  in 
the  SAD  of  this  region.  Further  examination  of 
this  layer  will  be  performed  to  study  the 
reproducibility  of  this  milling  artifact.  A 
possible  explanation  for  the  lack  of  a  silicon 
carbide  buffer  layer  in  this  sample  may  be  the 
faster  growth  rate  caused  by  the  higher  methane 
concentration  which  allows  less  time  for  the 
formation  of  such  a  layer.  Higher  defect 
densities  were  observed  in  the  films  grown  at  2.0% 
CH4/H2  than  in  those  grown  at  lower  methane 
concentrations.  In  fact,  defects  could  not  be 
identified,  as  seen  in  Figure  13,  due  to  this  high 
density.  This  increased  defect  density  is  also 
attributed  to  the  higher  growth  rates. 
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Figure  12.  XTEM  micrograph  of  a  diamond  film 
grown  at  2.0%  CH4/H2.  Top  -  diamond 
film,  bottom  -  Si  substrate. 


3.5  Infrared  Spectroscopy  ilRl . 

In  Figure  13,  IR  spectra  obtained  on  a  Perkin- 
Elmer  580  infrared  spectrometer  are  shown  for  two 
diamond  samples  grown  with  1.0%  CH4  in  H2 •  In 
addition,  a  spectrum  from  a  sample  of  CVD- grown  (3- 
SiC  is  also  shown.  Absorption  from  the  Si 
substrate  has  beer,  subtracted  from  this  data.  The 
absorption  observed  in  sample  #2  car.  thus  be  shown 
to  be  a  result  of  the  presence  of  silicon  carbide. 
This  ooservation  is  consistent  with  recent  TEM 
results  which  showed  a  layer  of  silicon  carbide  at 
the  diamond-silicon  interface  for  some  samples  but 
more  research  is  necessary  to  verify  this 
correlation  .  No  absorption  minima  were  observed 
at  C-K,  C-C,  C-C,  C-C,  etc.  freguencies  indicating 
an  absence  of  such  bonding  within  the  resolution 
limits  of  this  technique.  Curiously,  sample  #1, 
grown  under  the  same  growth  conditions,  shows  no 
silicon  carbide  absorption.  An  investigation  as 
to  the  cause  of  this  non-reproducibility  is 
ongoing . 
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Figure  13.  Infrared  absorption  spectra  for  two 
diamond  samples  and  a  reference  SiC 
sample. 

A. _ CQNOinsiONS 

In  summary,  diamond  and  diamcndlike  films 
grown  oy  MPECVD  have  been  examined  by  a  variety  of 
analytical  techniques.  Composition,  bonding  and 
structure  all  verify  that  a  true  diamond  phase  can 
be  grown  under  appropriate  growth  conditions. 
However,  diamondlike  films  have  also  been 
deposited  under  under  only  slightly  different 
growth  conditions.  The  morphology  of  the  diamond 
films  has  also  been  examined.  A  pclycrystailine 
grain  structure  with  preferred  growth  facets 
dependent  on  methane  concentration  during  growth 
was  observed  on  the  diamond  films.  Many  defects 
in  the  diamond  films,  including  numerous  twins  and 
stacking  faults  as  well  as  dislocations,  were 
identified  via  TEM  and  SAD.  XTEM  observations 
have  shown  a  SiC  buffer  layer  in  certain  samples 
which  is  epitaxial  in  local  regions. 
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INTRODUCTION 

Thin  films  of  diamond  grown  by  microwave  plasma  enhanced  chemical  vapor 
deposition!  (MPCVD)  have  been  examined  utilizing  a  variety  of  electron  microscopy 
techniques  including  scanning  electron  microscopy  (SEM),  transmission  electron  microscopy 
(TEM),  and  high  resolution  TEM.  Film  morphology,  defect  structure,  and  the  nature  of  the 
diamond-substrate  interface  were  examined. 

RESULTS 

Figure  la  is  a  plan-view  TEM  micrograph  of  a  diamond  film  grown  with  0.5%  CH4  in 
H2-  A  wide  range  of  grain  sizes  up  to  -  1  |i.m  is  observed  and  the  diamond  particles  appear 
randomly  oriented.  In  Figure  lb,  a  centered  dark  field  (CDF)  micrograph  of  this  same  film,  a 
crack  extends  across  the  field  of  view  (indicated  by  the  arrow  on  the  micrograph). 

Under  higher  magnification,  the  defect  structure  within  the  diamond  crystals  was 
observed.  Figure  2a  is  a  brightfield  micrograph  in  which  a  high  density  of  twins  is  observed 
on  two  {111}  planes.  By  using  a  (1 1 1)  diffracted  spot  from  one  set  of  the  twins,  the  centered 
dark  field  micrograph  shown  in  Figure  2b  was  obtained.  In  addition  to  the  high  density  of 
twins  stacking  faults  and  dislocations  were  observed.  Figures  3a  and  3b  are  bright  field 
XTEM  micrographs  of  diamond  films  gTown  at  0.3%  and  2.0%  CH4  concentrations, 
respectively.  The  diamond  film  which  was  grown  at  0.3%  CH4  has  much  lower  defect  density 
than  the  film  grown  at  2.0%  CH4.  In  addition,  an  interfacial  layer  of  p-SiC  (confirmed  via 
SAD)  was  observed  in  the  0.3%  CH4  film  while  no  such  layer  was  present  in  the  film  grown  at 
2.0%  CH4.  Figure  4  is  a  High  Resolution  TEM  (HRTEM)  micrograph  of  the  afore-mentioned 
film  grown  at  0.3%  CH4.  Note  that  {111}  cross  fringes  observed  in  the  silicon  carbide  layer 
are  aligned  epitaxially  with  the  fringes  observed  on  the  silicon  substrate.  The  thickness  of  the 
silicon  carbide  layer  is  approximately  50A.  Figure  5  is  a  HRTEM  micrograph  of  the  2.0% 
CH4  diamond  film.  Note  the  absence  of  any  apparent  layer  of  SiC.  The  diamond  grain 
observed  in  this  micrograph  is  epitaxially  twinned  relative  to  the  silicon  substrate.  However, 
not  ail  the  diamond  grains  showed  this  twinned  relationship  as  illustrated  in  Figure  6  where 
two  diamond  grains  arc  misoriented  relative  to  the  substrate.  The  widely  spaced  fringes  in  the 
center  of  the  micrograph  are  Moire  fringes  caused  by  the  overlap  of  the  two  diamond  grains. 
The  interface  region  was  damaged  by  the  electron  beam  during  the  examination  of  this  sample. 

In  order  to  study  the  nucleation  of  the  diamond  crystals,  a  sample  was  grown  in  1 .0% 
CH4  for  45  minutes.  At  this  point,  a  complete  film  has  not  formed  as  shown  in  Figure  6,  a 
plan-view  TEM  micrograph  of  this  sample.  The  silicon  substrate  was  scratched  with  0.25  fjm 
diamond  paste  for  one  hour  prior  to  deposition  and  these  scratches  are  visible  in  this 
micrograph.  Note  that  some  diamond  particles  have  nucleated  in  scratch-free  areas,  indicating 
that  a  scratch  is  not  necessary  for  nucleation,  although  it  increases  the  number  of  nuclei1. 

Closer  examination  of  these  particles  reveals  that  they  are  multiply  twinned.  Figure  8a  is 
a  bright-field  TEM  micrograph  of  a  multiply  twinned  particle  (MTP)  which  exhibits  five-fold 
symmetry.  Similar  MTP's  have  been  observed  in  different  systems  such  as  evaporated  gold 
particles  on  silicon^.  Figure  8b  is  a  CDF  micrograph  obtained  by  imaging  with  a  (1 1 1)  spot 
shared  by  two  quadrants  of  this  particle. 

CONCLUSIONS 

(1)  Diamond  crystals  contain  a  high  density  of  defects  but  the  defect  concentration  is 
reduced  at  lower  methane  concentrations;  (2)  the  defects  observed  include  twins,  stacking- 
faults,  and  dislocations:  no  precipitates  or  second  phases  were  observed;  (3)  thin  (50A) 
epitaxial  buffer  layer  of  p-SiC  was  observed  when  the  CH4  concentration  was  0.3%;  (4)  some 
diamond  grains  were  found  to  be  in  a  twinned  epitaxial  relationship  with  the  Si  substrate;  (5) 
preliminary  observations  indicate  that  diamond  particles  can  nucleate  in  scratch-free  regions  on 
the  silicon  substrate. 
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ABSTRACT 

The  atomic  bonding  configurations  of  carbon  bonding  in  diamond  and  diamond-like  thin 
films  are  explored  using  Raman  scattering.  The  general  aspects  of  Raman  scattering  from 
composites  are  presented.  Effects  are  discussed  due  to  crystalline  or  amorphous  structures,  large 
vs.  microcrystalline  domains,  and  strong  optical  absorption  and  transparent  regions.  The  Raman 
scattering  from  diamond-like  films  show  several  features  which  are  attributed  to  microcrystailine 
graphite-like  structures  which  all  originate  from  the  same  region  in  the  sample.  In  contrast,  the 
spectra  of  diamond  films  show  features  attributed  to  different  components  of  a  composite  film. 
Components  identified  are  crystalline  diamond,  and  disordered  and  microcrystailine  graphitic 
structures.  The  presence  of  precursor  microcrystailine  or  amorphous  diamond  structures  are  also 
suggested. 


I  INTRODUCTION 

Carbon  films  produced  by  plasma  enhanced  CVD  or  similar  processes  are  hard,  chemically 
inert  and  transparent  over  some  wavelength  range.  The  films  have  been  characterized  as 
diamond  1 ‘3  or  diamond-like^*^.  The  diamond-like  films  are  very  uniform,  hard  and  transparent 
at  wavelengths  greater  than  2pm.4*6  These  films  have  already  been  applied  as  anti-reflective 
and/or  protective  coatings  for  infrared  optics. 

The  plasma  enhanced  CVD  process  has  also  been  used  to  produce  films  with  optical 
properties  very  similar  to  diamond.  1*3  While  these  films  could  also  be  used  for  optical  coatings, 
their  potential  as  a  high  temperature  thin  film  semiconductor  is  also  being  explored.  One  of  the 
major  limitations  of  these  films  is  that  they  exhibit  roughness  due  to  the  crystalline  grains  of  the 
films.  To  be  useful  as  a  semiconductor  technology  it  is  necessary  to  produce  smooth  films. 
Heteroepitaxial  film  growth  is  one  of  the  goals  of  the  research. 

This  paper  discusses  aspects  of  the  characterization  of  the  carbon  bonding  in  diamond  and 
diamond-like  thin  films?  We  will  emphasize  Raman  scattering,  but  related  x-ray  and  electron 
diffraction  measurements  will  be  mentioned.  These  techniques  are  often  used  as  structure  sensitive 
probes.  Raman  scattering  displays  aspects  of  the  vibrational  properties  of  the  material  which  can 
then  be  related  to  atomic  bonding  configurations.  The  films  that  are  produced  by  the  plasma 
enhanced  CVD  processes  will  exhibit  varied  atomic  structures.  In  fact  a  particular  film  will  exhibit 
variations  of  the  structures  on  several  scales  and  can  be  considered  as  a  composite.  We  will  focus 
on  the  limitations  of  the  techniques  to  measuring  composite  films.  In  addition,  the  vibrational 
excitations  and  the  atomic  bonding  are  also  dependent  on  the  composite  nature  of  the  films  and 
these  aspects  will  be  discussed. 

The  CVD  process  usually  involves  methane,  hydrogen,  and  possibly  inert  gases  and 
oxygen.  Films  produced  by  CVD  deposition  techniques  can  yield  crystalline  and  amorphous 
structures.  In  the  case  of  carbon  films  an  additional  question  is  whether  the  atomic  bonding  in  the 
films  is  three-fold  coordinated  (sp2)  as  in  graphite  or  four-fold  coordinated  (sp3)  as  in  diamond. 
Thus  the  films  have  the  possibility  of  four  different  microstructures  -  amorphous  or  crystalline 
diamond,  and  amorphous  or  crystalline  graphitic  structures.  In  this  terminology,  we  are 
suggesting  that  an  amorphous  network  in  which  the  local  atomic  configuration  of  the  carbon  is 
approximately  tetrahedral  would  be  called  amorphous  diamond,  and  if  the  neasrest  neighbor 
configuration  is  approximately  planar  three-fold  carbon,  then  the  structure  would  be  termed  as 
amorphous  graphitic.  Another  very  interesting  possibility  is  an  atomically  mixed  structure  of  three- 
and  four-fold  coordinated  carbon.  Hydrogen  is  also  often  present  in  the  films  and  can  affect  the 
atomic  structure.  While  the  long  term  goal  of  the  growth  studies  may  be  to  produce  films  with  a 
single  structure,  the  films  currently  being  produced  are  composites  of  the  possible  structures 


described  above.  The  composite  nature  extends  from  the  atomic  scale  with  possible  co-existing 
three-  and  four-  fold  carbon,  up  to  the  micron  scale  with  crystalline  and  amorphous  domains. 

While  Raman  scattering  and  diffraction  measurements  are  often  used  to  characterize  thin 
films,  for  the  CVD  films  described  here,  the  results  must  be  interpreted  in  light  of  the  composite 
nature  of  the  materials.  The  techniques  may  be  dominated  by  particular  components  of  the 
structure  and  be  insensitive  to  other  components.  For  instance  x-ray  scattering  from  crystalline  and 
amorphous  regions  will  exhibit  large  differences  in  intensities,  and  the  light  scattering 
measurements  are  affected  by  the  differences  of  the  optical  absorption  of  the  different  components 
of  the  film. 

D  MEASUREMENT  CHARACTERISTICS 

The  Raman  scattering  process  involves  inelasdc  light  scattering  from  vibrational  excitations 
in  the  sample.  For  crystalline  samples,  the  spectra  are  due  to  vibrations  with  a  wavelength 
determined  by  the  scattering  geometry  and  k-vector  conservation.  Because  the  wavelength  of  light 
is  long  on  the  scale  of  phonon  wavelengths,  these  requirements  select  only  wavevectors  with  k~0 
or  Brillouin  zone  center  excitations.  Thus  Raman  spectra  will  display  sharp  peak(s)  representing 
the  zone  center  mode(s).  The  wavevector  conditions  can  also  be  satisfied  by  two  phonons  with 
nearly  equal  and  opposite  crystal  momentum.  This  scattering  is  termed  second  order  scattering. 
The  second  order  Raman  component  is  continous  and  often  is  similar  to  the  vibrational  density  of 
states  but  on  twice  the  frequency  scale  (since  two  phonons  participate  in  each  scattering  event). 
The  first  and  second  order  Raman  spectra  of  diamond®  and  graphite^  are  compared  in  Fig.  1 .  The 
sharp  features  at  1 332cm'  1  and  1580  cm**  are  the  first  order  zone  center  modes  of  diamond  and 
graphite,  respectively.  These  frequencies  are  indicative  of  the  different  bond  strengths  of  the 
diamond  and  graphite  bonding.  It  should  be  noted  that  the  1 332cm*  1  mode  in  diamond  is 
essentially  the  highest  energy  vibrational  mode  of  the  structure®  while  for  graphite,  a  second  order 
feature  is  observed  at  3240cm- 1  (or  2  x  1 620cm*  1)  which  is  due  to  slightly  higher  energy 
phonons^  than  the  mode  at  1 580cm*  1.  This  analysis  indicates  that  modes  with  energy  greater  than 
1 332cm*  1  cannot  be  attributed  to  diamond  structures  with  long  range  order. 

The  CVD  process  often  leads  to  amorphous  films,  and  we  consider  now  the 
spectrum  of  amorphous  carbon  10  Samples  considered  to  be  amorphous  graphite  have  been 
previously  reported  and  the  spectra  is  overlaid  that  of  graphite  in  Fig.l.  The  spectrum  of 
amorphous  fims  with  diamond  structure  have  not  to  our  knowledge  been  reported.  We  can 
approximate  what  the  spectra  would  look  like  by  comparison  with  amorphous  Si  or  with  the 
density  of  vibrational  states  of  crystalline  diamond.  We  have  followed  the  first  possibilty  by 
scaling  the  frequency  axis  of  the  Raman  spectrum  of  a-Si  by  the  ratio  of  the  frequencies  of  the 


mode  of  the  crystal  (520/1332).  This  deduced  spectra  is  also  shown  in  Fig.  1  as  an  overlay  to  the 
diamond  spectrum. 

m  COMPOSITE  PROPERTIES 

Three  different  composite  structures  are  considered;  micron-scale,  microcrystalline  and 
atomically  disordered.  The  following  discussion  outlines  some  aspects  of  the  structural  properties, 
the  vibrational  excitations  and  the  interactions  with  light  and  x-rays 

For  micron-scale  composites,  the  structural  properties  behave  as  linear  combinations  of  the 
properties  of  the  constituent  materials.  The  decay  length  of  phonons  is  in  general  less  than  1  pm, 
therefore  boundary  scattering  will  not  significantly  affect  the  phonon  lifetimes.  This  means  that  the 
vibrational  excitations  will  exhibit  the  same  spectral  response  as  the  bulk  samples.  Raman 
scattering  and  x-ray  or  electron  diffraction  from  micron-scale  composites  will  exhibit  properties 
that  are  linear  combinations  of  the  orientation  randomized  (ie.  powder  patterns)  bulk  spectra.  For 
diamond-graphite  mixtures,  the  diffraction  efficiencies  will  be  similar  for  the  two  components  if 
they  are  both  crystalline  or  amorphous.  If,  however,  one  component  is  crystalline  and  the  other  is 
amorphous,  the  x-ray  scattering  will  be  dominated  by  the  crystalline  structure.  The  optical 
properties  of  graphite  and  diamond  are,  of  course,  very  different,  and  they  will  affect  the  Raman 
scattering.  Because  of  resonance  effects,  Raman  scattering  from  absorbing  materials  is  enhanced. 
The  absolute  Raman  cross-sections  of  diamond  and  graphite  have  been  measured,*  *  and  it  is 
found  that  the  1580cm**  band  of  graphite  is  -50  times  stronger  than  the  1332cm**  band  of 
diamond.  Thus  the  Raman  scattering  will  emphasize  the  graphitic  structures. 

Microcrystalline  samples  exhibit  crystalline  domains  that  range  from  lOOnm  to  as  small  as 
2nm.  Because  the  boundary  scattering  of  the  phonons  is  very  strong,  it  can  be  assumed  that  the 
vibrational  excitations  of  the  microcrystals  will  be  confined  to  a  single  domain.  Phonon  decay 
lengths  are  often  larger  than  these  dimensions,  thus  the  boundary  scattering  causes  the  vibrational 
excitations  to  exhibit  lifetime  broadened  peak  widths.  In  addition,  from  the  Heisenberg  uncertainty 
principle,  the  wavevector  of  the  excitations  is  uncertain  (Ak~l/d,  where  d  is  the  domain  size),  and 
the  momentum  selection  rules  of  the  Raman  scattering  process  are  relaxed *2  These  effects  have 
been  studied  in  graphite^,  BN *2  and  Si* 3.  The  effects  are  prononced  on  microcrystalline 

graphite^  shown  in  Fig.  1.  The  microcrystalline  samples  show  broader  peaks  which  are  shifted 

* 

toward  peaks  in  the  vibrational  density  of  states.  Furthermore,  a  new  feature  in  the  first  order 
spectrum  is  observed  at  1355cm**  which  is  attributed  to  a  peak  in  the  vibrational  density  of  states. 
An  additional  feature  is  also  observed  at  2940  cm**  in  the  second  order  spectrum. 

A  composite  on  an  atomic  scale  can  be  called  either  an  alloy  or  an  amorphous  network.  It 
is,  of  course,  somewhat  incorrect  to  label  these  structures  as  composites.  In  the  case  of  carbon,  an 


amorphous  network  composed  of  3-  and  4-fold  coordinated  C  could  be  possible.?  The  vibrational 
and  electronic  excitations  would  not  be  confined  to  a  single  atomic  site,  and  thus  would  represent 
an  average  of  the  network  possibilities.  The  optical  properties  would  not  strongly  favor 
enhancement  of  the  3-fold  (graphitic)  over  4-fold  sites,  and  we  would  expect  approximately  equal 
scattering  efficiencies.  Thus  we  would  anticipate  a  Raman  spectrum  with  broad  features  extending 
from  1  lOOcm'l  to  1 600cm*  1. 

IV  CVD  DIAMOND  AND  DIAMOND-LIKE  FILMS 

Consider  first  the  properties  of  diamond-like  thin  films  produced  by  plasma  enhanced 
CVD.  The  Raman  spectra  of  two  films  produced  under  differing  deposition  conditions  are  shown 
in  Fig.  2.  The  first  thing  to  note  is  that  the  spectra  do  not  compare  to  any  of  the  spectra  discussed 
as  characteristic  of  amorphous  or  crystalline  diamond  or  graphite.  This  implies  that  the  samples  are 
not  characteristic  of  those  structures.  The  two  strongest  features  at  1 590cm*  1  and  1 355cm*  1  are 
similar  to  the  vibrational  features  of  diamond  and  graphite.  Thus  one  is  tempted  to  consider  this 
data  as  indicative  of  a  micron-scale  composite  of  those  structures.  There  are  two  arguments  against 
this  possibility.  The  first  is  that  the  feature  at  1 355cm*  *  is  at  a  higher  frequency  than  any  of  the 
vibrations  of  the  diamond  lattice.  While  effects  such  as  strain  are  known  to  shift  frequencies  to 
higher  wavelengths,  this  large  shift  would  indicate  a  compressive  stress  of  over  10  kbar. 

The  second  argument  against  the  consideration  of  this  peak  as  due  to  diamond  structures  is 
based  on  the  interpretation  of  the  second  order  spectrum  of  graphite  and  the  spectra  of 
microcrystalline  graphite  samples.  The  strongest  feature  in  the  second  order  spectrum  of  graphite 
is  at  2710cm*l.  This  feature  at  twice  the  frequency  of  1355cm*  1  indicates  a  strong  peak  in  the 
vibrational  density  of  states  of  graphite.  The  peak  is  also  observed  in  the  first  order  spectrum  of 
microcrystalline  graphite,  and  its  presence  has  been  ascribed  to  the  uncertainty  of  the  wavevector  of 
the  vibrations  due  to  the  finite  size  of  the  domains.  The  next  question  to  be  addressed  is  whether 
the  excitations  at  1 355cm*  1  and  1590cm*  1  represent  a  composite  nature  of  the  film.  As  noted, 
there  is  a  feature  at  2940cm*  1  which  also  appears  in  the  spectrum  of  microcrystalline  graphite. 
This  feature  has  been  ascribed  to  a  two  phonon  excitation. 9  The  energy  corresponds  to  the  sum  of 
the  1355  and  1590  cm*  1.  This  indicates  that  these  two  modes  occur  in  the  same  region  of  the 
sample.  This  leads  to  the  conclusion  that  all  of  the  strong  features  in  the  spectra  can  be  accounted 
for  by  microcrystalline  regions  of  the  sample. 

These  results  do  not  mean  that  there  are  no  regions  that  exhibit  diamond  structure.  In  fact 
electron  energy  loss  experiments  show  features  which  can  be  attributed  diamond  structures.  It  is 
also  difficult  to  account  for  the  optical  properties  of  the  diamond  like  films  if  they  are  purely 
graphitic  structures.  The  Raman  scattering  from  graphite,  however,  is  exceptionally  strong 
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because  of  the  high  absorption.  Thus  it  is  possible  that  regions  of  microcrystalline  or  amorphous 
diamond  exist  in  the  samples,  but  are  not  detected  by  the  Raman  scattering. 

Under  slightly  different  deposition  conditions,  diamond  thin  films  can  be  produced.  The 
substrates  are  often  roughened  with  diamond  powder  and  then  cleaned.  The  substrate  roughness 
can  act  as  nucleation  sites  for  the  growth  of  diamond  films.  The  Raman  spectra  of  two  films 
prepared  at  different  deposition  conditions  are  shown  in  Fig.  3.  The  spectra  show  a  sharp  line  at 
520cm"  1  which  is  attributed  to  the  Si  substrate.  The  features  due  to  the  Raman  scattering  ride  on 
top  of  a  strong  luminescence  background.  In  Fig.  3a,  there  is  a  sharp  peak  at  1332  cm'l.  This  is 
the  frequency  of  diamond  crystals.  A  broad  spectral  component  is  observed  which  is  centered  at 
~1500cm'l.  This  component  is  to  be  distinguished  from  the  features  similar  to  microcrystalline 
graphite  at  1580  and  1355cm"l.  The  spectrum  (b)  in  Fig.3  shows  a  very  weak  spectral  feature  at 
1 332cm*  1  and  a  strong  component  at  1 500cm" 1.  This  spectrum  also  shows  the  double  peaks  at 
1580  and  1355  cm"l  which  are  similar  to  those  associated  with  microcrystalline  graphite.  Within 
the  scope  of  the  various  possibilities  described  above  it  could  be  concluded  that  the  spectral 
features  indicate  a  three  component  composite.  The  feature  at  1 332cm*  1  has  the  properties  that  it  is 
very  sharp  and  the  intensity  does  not  correlate  with  that  of  the  other  spectral  components.  This 
indicates  that  it  is  due  to  micron-scale  or  large  microcrystalline  regions  of  diamond.  The  other 
features  are  broad  and  can  be  ascribed  to  amorphbus  regions  of  the  sample.  These  regions  may 
exist  between  the  diamond  crystalline  domains  or  they  could  be  inclusions. 

The  broad  spectral  features  can  be  separated  into  two  components.  The  features  at  1355 
and  1580  cm'l  are  representative  of  structures  similar  to  microcrystalline  graphite.  The  broad 
feature  at  ~1500cm"l  does  not  have  an  obvious  origin.  Two  possibilities  for  this  feature  are  (1)  an 
amorphous  network  of  four-  and  three-fold  coordinated  carbon  or  (2)  an  impurity-carbon 
amorphous  network.  Raman  spectra  of  carbon-rich  SiC:H  alloys  produced  by  low  temperature 
plasma  CVD^  show  a  broad  Raman  spectral  feature  centered  at  1 500cm"  1.  SIMS  analysis  of 
some  films  has  indicated  the  presence  of  Si,  and  other  studies  have  reported  features  attributed  to 
crystalline  SiC.  Thus  we  suggest  that  regions  of  amorphous  carbon  rich  SiC  exist  in  the  diamond 
films. 

The  question  remains  whether  there  is  a  diamond-like  precursor  to  the  formation  of  the 
diamond  regions.  The  only  unaccounted  strong  spectral  feature  in  the  Raman  spectra  is  that  at 
~1 140cm*l.  This  feature  is  present  in  films  with  small  amounts  of  diamond  crystalline  domains 
indicating  that  it  could  be  a  precursor  structure.  This  feature  occurs  in  a  region  that  might  be 
expected  for  amorphous  or  microcrystalline  diamond.  The  microcrystalline  diamond  could  be 
traditional  or  a  polytype  in  the  wurtzite  structure.  The  frequencies  of  wurtzite  diamond  have  not  to 
our  knowledge  been  reported,  but  by  comparison  with  the  frequencies  of  SiC  we  would  deduce  a 
vibrational  frequency  of  the  strongest  mode  to  be  -1 175cm"  *  with  an  additional  weaker  feature  at 


1330cm'  1.  Thus  we  suggest  that  this  feature  is  due  to  regions  of  microcrystalline  or  amorphous 
diamond. 

V  CONCLUDING  REMARKS 

The  Raman  scattering  effects  due  to  composites  of  carbon  components  are  discussed.  The 
possibilities  include  crystalline  or  amorphous  diamond  or  graphite.  The  strong  difference  in  the 
optical  absorption  of  the  different  structures  lead  to  large  differences  in  the  Raman  sensitivity  to 
different  structures.  For  micron-scale  and  microcrystalline  composites,  because  of  the  strong 

optical  absorption,  graphite  like  structures  will  dominate  the  Raman  spectra  while  x-ray  or  electron 

♦ 

diffraction  will  be  dominated  by  crystalline  domains.  For  atomic  scale  composites  or  amorphous 
alloys,  it  is  proposed  that  the  Raman  scattering  from  diamond  and  graphite  like  features  will 
exhibit  equal  scattering  strength. 

The  analysis  of  the  first  order  spectra  of  diamond-like  films  shows  no  features  which  can 
be  attributed  to  crystalline  diamond  structures.  Extending  the  analysis  to  the  second  order  spectra 
shows  that  the  major  features  of  the  spectra  originate  frr  m  Lhe  same  atomic  structures.  The 
spectra,  therefore,  show  no  evidence  of  composite  nature,  but  other  measurements  indicate  the 
presence  of  diamond  structures.  It  is  likely  that  these  are  not  observed  because  of  the  weak  signal 
from  the  diamond  structures  with  respect  to  the  graphitic  suvctjres. 

The  Raman  spectra  of  diamond  films  show  composite  characteristics.  Crystalline  regions 
of  diamond  structure  are  observed  along  with  microcrystalline  or  disordered  graphitic  structures. 
One  feature  is  observed  which  can  not  be  accounted  for  by  any  of  the  known  structures  of  graphite 
or  diamond.  By  comparison  with  the  spectra  of  amorphous  and  microcrystalline  Si,  we  ascribe 
this  feature  to  amorphous  or  microcrystalline  diamond  structures. 
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FIGURE  CAPTIONS 


FIG.  1  The  Raman  spectra  of  diamond,  a),  graphite,  b),  and  microcrystalline  graphite,  c). 

The  solid  lines  in  a)  and  b)  represent  the  First  and  second  order  spectra  of  crystalline  diamond  and 
graphite  respectively.  The  broad  line  labeled  a  in  a)  is  the  spectrum  of  a-Si  scaled  to  the  diamond 
frequency  to  represent  the  spectrum  of  amorphous  diamond,  while  the  broad  line  labeled  a  in  b)  is 
that  due  to  amorphous  graphite  (from  ref.  10). 

FIG.  2  The  first  and  second  order  Raman  spectra  of  plasma  enhanced  CVD  films  produced 
with  different  deposition  conditions  which^ue  characteristic  of  diamond-like  structures.  Spectrum 
(b)  shows  distinct  first  order  features  at  1355  and  1590  cm'1  and  second  order  features  at  2710 
and  2940  cm'1. 

FIG.  3.  The  Raman  spectra  of  CVD  Films  which  exhibit  the  feature  at  1332cm'  1 
characteristic  of  crystalline  diamond.  The  samples  were  prepared  under  different  conditions  using 
Si  substrates,  and  the  sharp  feature  at  520cm'  1  is  due  to  the  substrate.  Both  samples  show  a 
strong  background  due  to  luminescense.  Both  samples  show  the  feature  at  -1330cm'1  due  to 
crystalline  diamond  and  broad  features  due  to  other  components. 
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ABSTRACT 

Raman  spectroscopy  has  been  used  to  examine  diamond  thin  films  produced  by  various  CVD 
processes.  The  Raman  spectra  exhibit  features  which  suggest  that  tne  films  are  composites  of 
diamond  (sp’)  and  grapnite-like  (sp2)  bonding.  A  brief  outline  of  Raman  scattering  from 
composites  is  presented.  A  first  attempt  at  modeling  these  types  of  films  using  composites  of 
diamond  and  graphite  powders  is  reported.  It  is  found  that  the  Raman  features  associated  with  sp* 
bonding  in  the  films  do  not  correlate  well  to  features  exhibited  by  microcrystalline  graphite. 

1.  INTRODUCTION 

In  recent  years  Raman  scattering  has  been  used  to  characterize  the  carbon  films  produced  by 
various  CVD  processes1*5.  This  technique  has  proved  useful  for  examining  the  diamond  and 
graphite-like  structures  in  the  films.  As  the  goal  of  the  research  is  to  produce  single  crystal, 
homoepitaxial  diamond  on  a  variety  of  substrates,  Raman  spectroscopy  could  be  used  to  accurately 
determine  the  relative  concentrations  of  these  structures;  thereby,  demonstrating  the  quality  of  the 
materials  produced  in  the  deposition  process.  We  have  examined  these  possibilities  using 
composites  of  graphite  and  diamond  powders,  and  correlated  the  results  to  the  diamond  thin  films. 

The  Raman  spectra  obtained  from  the  carbon  films  have  generally  concentrated  on  the 
appearance  of  the  first-order  Raman  mode  of  diamond  at  1332cm**.  Diamond  is  characterized  by 
4-fold  coordinated  sp3-type  bonding  of  F2g  symmetry4.  It  possesses  a  single  triply  degenerate 
zone-center  optical  phonon  which  corresponds  to  the  highest  energy  mode  in  the  phonon 
dispersion  curves  of  diamond,  so  that  features  in  the  spectra  with  energy  higher  than  1332cm'1 
cannot  be  attributed  to  diamond  structures  of  long  range  order.  Other  features  do  appear  in  the 
Raman  spectra  of  carbon  films  from  ~  1350  -  1600cm*1,  and  are  normally  associated  with 
structures  having  3-fold  coordinated  sp2-type  bonding  such  as  graphite.  Films  which  display  a 
variety  of  these  features  can  be  considered  composites  of  sp2  and  sp^  bonding  (i.e.  containing 
regions  of  differing  atomic  structures),  and  it  is  these  types  of  films  which  have  been  closely 
examined.  Particular  attention  has  been  focused  on  the  relative  intensities  of  the  peaks  associated 
with  each  type  of  bonding,  in  an  effort  to  determine  if  the  Raman  scattering  from  diamond  films 
can  be  used  to  give  an  estimate  of  the  relative  concentrations  of  sp3  to  sp2-type  bonding  in  the 
films. 

The  Raman  spectra  of  two  diamond  films  produced  under  differing  deposition  conditions  are 
shown  in  Fig.  1.  Both  spectra  contain  the  diamond  peak  at  1332cm*1,  but  other  features  are 
present.  Spectum  (a)  also  shows  features  at  1355cm*1  and  15.80cm*1  which  are  similar  to  those 
associated  with  microcrystalline  graphite5,  and  a  feature  centered  at  -1500cm*1  which  has  been 
assigned  to  regions  of  amorphous  carbon. 6  Spectrum  (b)  shows  a  broad  feature  at  -  1500cm*1 
which  is  dominated  by  the  diamond  peak  and  has  been  ascribed  to  regions  of  highly  disordered 
graphite1.  In  this  study  we  will  show  that  the  size  and  absorption  properties  of  these  sp^  and  sp3- 
type  domains  strongly  affect  the  relative  strengths  of  the  Raman  features  described  above.  The 


details  of  Raman  scattering  from  different  carbon  structures  has  been  discussed  elsewhere6,  so  we 
provide  a  brief  overview  of  Raman  scattering  from  composites. 


2.  COMPOSITE  PROPERTIES 

The  three  types  of  composite  structures 
considered  are:  micron-scale,  microcrystalline, 
and  atomically  disordered.  For  micron-scale 
constituent  materials,  the  Raman  spectrum 
should  appear  as  a  linear  combination  of  the 
features  of  the  bulk  materials.  If  one  of  the 
constituents  of  the  composite  is  strongly 
absorbing,  then  light  incident  on  panicles  of 
this  type  is  completely  absorbed.  The  effective 
absorption  depth  of  the  composite  should  be 
approximately  equal  to  that  of  the  highly 
absorbing  constituent,  modified  by  the  relative 
concentrations  of  the  absorbing  and  non- 
absorbing  materials.  As  the  domains  decrease 
to  microcrystalline  scales,  features  should 
begin  to  appear  in  the  Raman  spectrum  due  to 
size  effects  associated  with  the  breakdown  of 
the  conservation  of  wavevector5.  The  small 
domain  size  creates  an  uncenainty  in  the 
wavevector  (Ak  ~  2jt/d  where  d  is  the  domain 
size),  and  the  momentum  selection  rules  for  the 
Raman  scattering  process  arc  relaxed.  The 
length  scale  of  the  crystallites  is  now  on  the 
order  of  or  smaller  than  the  absorption  depths 
of  the  constituent  materials  and  the  decay  length 
of  the  phonons,  so  that  crystallite  diffraction 

effects  create  a  more  uniform  illumination  of  the  composite.  For  an  atomically  disordered 
composite,  the  Raman  spectrum  becomes  the  average  of  the  vibrational  and  electronic  properties  of 
the  random  network,  and  would  appear  quite  different  than  the  Raman  spectra  of  the  bulk 
materials. 


RAMAN  SHIFT  (cm'1  ) 

Fig.  1.  First-order  Raman  spectra  of  diamond 
thin  films.  Both  of  the  samples  were  produced 
by  microwave  plasma  CVD.  The  sharp  feature 
at  1 322cm- 1  is  indicative  of  crystalline 
diamond  while  features  between  1350  and 
1 600cm are  attributed  to  sp2  bonded  carbon. 


3.  EXPERIMENTAL 

In  order  to  model  the  ratio  of  sp^  to  sp^-type  bonding  in  diamond  thin  films,  composites  of 
diamond  and  graphite  powders  were  examined.  These  powders  were  obtained  from  commercially 
available  sources''8.  The  diamond  powder  was  slightly  gray  in  appearance  and  of -1pm  crystallite 
size.  The  graphite  powder  was  black  and  very  cohesive  andr contained  crystallites  of  30-40^m 
size.  Admittedly,  this  is  large  for  our  purposes,  but  we  wished  to  examine  the  effects  of  the 
concentration  of  diamond  in  the  composites.  The  examination  of  effects  due  to  crystallite  size  was 
left  for  later.  The  composites  were  created  as  follows;  appropriate  amounts  of  diamond  and 
graphite  powder  were  weighed,  and  the  relative  concentrations  determined.  The  powders  were 
then  mixed  using  mortar  and  pestle,  and  the  resulting  composites  were  lightly  pressed  into 


aluminum  sample  holders.  The  samples  were  mounted  in  the  backscattering  configuration,  and  the 
spectra  were  taken  using  the  5145A  line  of  an  A i+  laser. 


4.  RESULTS  AND  DISCUSSION 
A.  Raman  spectra  of  diamond  and  graphite  composites 


Several  of  the  Raman  spectra  taken  from  the  composite  samples  are  shown  in  Fig.  2.  The  two 
peaks  exhibited  are  the  first-order  Raman  mode  of  diamond  at  1 332cm*  *  and  the  first-order  mode 
of  graphite  which  has  been  shown  previously  to  occur  at  1580cm*  1  9.  The  reladve  concentration 
of  diamond  in  the  samples  ranges  from  ~1%  up  to  60%.  The  most  interesting  feature  of  these 
spectra  is  that  the  ~1%  diamond  composite  displays  a  1:1  ratio  between  the  peak  intensities  of  the 
first-order  modes  of  diamond  and  graphite.  At  50%  diamond,  it  is  seen  that  the  peak  due  to 
graphite  has  practically  disappeared.  Thus,  the  absorption  of  graphite  has  a  significant  effect  on 
the  Raman  spectra  of  the  composites,  and  is  shown  in  the  large  disparity  of  the  absolute  intensity 
scales  of  the  samples.  As  is  to  be  expected,  the  relative  intensities  of  the  two  peaks  change  in 
proportion  to  the  concentration  of  diamond  present  in  the  composite.  If  the  ratio  of  the  peak 
intensities  of  diamond  and  graphite  versus  concentration  of  diamond  in  the  samples  is  plotted.  Fig. 
3  is  obtained.  It  is  again  noted  that  the  diamond  peak  dominates  the  spectrum  even  at  relatively  low 
concentrations  of  diamond.  The  solid  curve  has  been  added  as  a  guide  to  the  eye,  but  the  data 
might  be  fitted  very  well  using  an  appropriate  model  of  the  Raman  scattering  from  composites  of 
diamond  and  graphite.  This  model  could  then  be  applied  to  the  diamond  films  previously 
discussed  and  an  estimate  of  the  ratio  of  sp2  to  sp^-type  bonding  obtained. 


Fig.  2.  First-order  Raman  spectra  of  the 
composites  of  diamond  and  graphite  powders. 
The  relative  concentrations  of  diamond  in  the 
samples  are:  (a)  1.3%  (b)  6.6%  (c)  21.5% 
(d)  50.0%  The  spectra  have  been  multiplied  by 
the  indicated  value. 


CONCENTRATION  OF  DIAMOND 
(%  DIAMOND) 

Fig.  3.  Ratio  of  peak  intensities  (Id/Iq)  vs- 
relative  concentration  of  diamond  in  the 
composite  samples.  The  solid  line  is  not  a  fit  to 
the  data. 


la  order  to  model  the  diamond  and  graphite  composites,  we  must  understand  the  various 
parameters  which  effect  the  intensity  of  the  Raman  signal  from  these  materials.  Loudon10 
demonstrated  that  for  a  sample  mounted  in  a  backscattering  geometry,  the  scattering  intensity  is 
given  by 


1  = 


i0s 


S+ai+a2 


{  1  -  exp[-  (S+cq+a2)L]  } 


(1) 


where  S  is  the  scattering  efficiency,  Iq  is  the  incident  intensity,  L  is  the  sample  thickness  in  the 
direction  of  the  incident  laser  light,  and  oq  and  aj  are  the  absorption  coefficients  at  the  respective 
frequencies  of  the  incident  and  scattered  light.  Wada  and  Solin11  showed  that  this  equation  could 
be  modified  to  give  the  ratio  of  the  scattering  intensities  of  two  different  materials: 
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where  S  has  been  redefined  in  terms  of  a  scattering  efficiency,  A,  and  a  summation  over  the  inner 
product  of  the  Raman  tensor,  Rj,  of  the  degenerate  first-order  mode  and  the  polarization  unit 
vectors  of  the  incident  and  scattered  light,  e\  and  e2-  kj  311(1  *D  represent  the  scattered  intensity 
from  the  graphite  and  diamond  powders,  and  I0  represents  the  incident  intensity  .  Aft  is  the  solid 
angle  into  which  light  is  scattered,  and  the  term  in  R  corrects  for  reflection  of  the  scattered  light  at 
the  sample  surface  and  multiple  reflections  in  the  sample  as  in  diamond.  Here,  oq  and  ct2  are  the 
previously  defined  absorption  coefficients  of  graphite  since  it  has  been  assumed  that  diamond  is 
transparent  to  the  visible  laser  radiation. 

If  we  now  attempt  to  apply  Eq.  (2)  to  the  composite  samples,  several  difficulties  must  be 
faced.  Since  the  Raman  signal  is  being  collected  from  a  region  of  discreet  particles,  unique  values 
for  Lp  and  A ft  no  longer  exist.  Also,  even  if  it  assumed  that  each  graphite  panicle  is  completely 
absorbing  (i.e.  much  larger  jhan  the  absorption  depth),  reflection  losses  due  to  light  scattering 
between  the  diamond  particles  must  still  be  accounted  for.  Finally,  note  that  the  last  term  in  Eq.  (2) 
provides  unique  values  for  the  summations  if  it  is  known  a  priori  the  polarization  directions  of  the 
incident  and  scattered  light.  Since  the  diamond  and  graphite  composites  contain  particles  of 
completely  random  orientation,  an  angle  averaged  value  of  the  summations  over  all  possible 
polarization  directions  must  be  taken. 

We  therefore  modeled  the  diamond  and  graphite  composites  as  follows;  assuming  that  the 
collection  angle  (Aft)  is  the  same  and  neglecting  reflective  losses,  the  ratio  of  the  scattering 
intensities  of  diamond  to  graphite  may  be  written: 

Ip  Ap  Np  Vp 

1(3  ~  a'g  Ng  Vq 


(3) 


where  A’  is  the  angle  and  polarization  averaged  scattering  efficiency,  N  is  the  atomic  density  of 
diamond  or  graphite,  and  V  is  the  volume  of  material  which  is  actually  sampled  by^he  Raman 
scattering.  In  terms  of  the  bond  densities  of  diamond  and  graphite,  the  percentage  of  diamond  in 
the  composite  may  be  written  as; 


and  the  factor  of  4/3  accounts  for  the  fact  that  diamond  contains  4  nearest  neighbor  bonds  and 
graphite  only  3  nearest  neighborbonds  per  atom.  The  first-order  Raman  mode  in  both  diamond 
and  graphite  is  a  bond  stretching  mode. 

It  has  been  reported1 1  that  the  ratio  between  the  scattering  efficiencies  of  diamond  and  graphite 
is  ~  50:1,  so  that  the  only  unknown  in  Eq.  (4)  is  the  ratio  of  the  volumes,  Vp /Wq.  If  we  assume 
an  average  size  for  the  graphite  particles  of  ~  30  pm  diameter,  then  we  can  model  a  unit  volume  of  a 
50%  composite  to  be  two  spheres,  each  ~  30pm  diameter,  one  being  graphite  and  the  other,  a  loose 
collection  of  diamond  particles.  As  was  previously  stated,  the  diamond  is  essentially  transparent  to 
the  incident  laser  light,  so  that  the  entire  "sphere"  would  be  illuminated.  At  the  5145A  exciting 
wavelength,  however,  graphite  has  an  absorption  depth  of  ~  300An,  although  considerable 
discepancies  exist  in  the  literature  over  the  optical  constants  of  graphite.  Because  the  scattered  light 
must  also  exit  the  absorbing  region,  we  therefore  consider  the  volume  of  graphite  sampled  to  be  a 
thin  layer,  ~150A  thick,  across  the  top  half  of  the  graphite  "sphere"  as  shown  in  Fig.  4.  At  p£>  = 
50%,  our  calculated  value  101  Iq/Iq  differs  from  that  shown  in  Fig.  3  by  a  factor  of  two.  This  is  in 
reasonable  agreement  c  jr  .Jering  our  approximations. 


isoA 


a)  b) 


Fig.  4.  Model  of  the  unit  volumes  in  the 
Raman  scattering  from  composites,  (a)  fully 
illuminated  diamond  particles  of  ~  30pm  size 
(b)  graphite  particle  of  -  30pm  size,  partially 
illuminated  in  a  150  A  surface  layer. 


Fig.  5.  First-order  Raman  spectra  of  (a) 
highly  oriented  pyrolytic  graphite  (b)  "glassy" 
carbon  (c)  diamond  thin  film  produced  by 
microwave  plasma  CVD.  The  spectra  have 
been  multiplied  by  the  indicated  value. 


We  wish  to  emphasize  the  importance  of  crystallite  size  on  our  results.  For  smaller  values  for 
V'd  and  Vq,  it  is  expected,  from  our  model,  that  the  peak  in  the  Raman  spectrum  due  to  graphite 
would  appear  more  strongly  at  higher  concentrations  of  diamond  than  the  results  shown  in  Figs.  2, 
3  indicate.  This  implies  that  the  relative  concentration  of  sp^-type  bonding  {n  the  films  shown  in 
Fig.  1  is  higher  than  the  composite  samples  suggest. 

Upon  examining  the  films  in  Fig.  1,  we  become  aware  of  a  very  important  characteristic  of  the 
features  exhibited  in  the  composite  films.  In  Fig.  5,  the  Raman  spectra  of  three  materials 
containing  sp^-type  bonding  are  shown.  The  highly  oriented  pyrolytic  graphite  (HOF*G)  and  the 
"glassy"  carbon  samples  both  exhibit  peaks  at  1580cm‘l  which  have  approximately  the  same 
absolute  intensity.  However,  the  composite  diamond  film  shown  in  Fig.  5(c)  has  an  absolute 
intensity  ~15  times  greater  than  these  two.  If  the  sp^-type  features  in  the  diamond  films  arc  to  be 
attributed  to  regions  of  crystalline  or  microcrystalline  graphite,  then  this  difference  in  the  absolute 
intensity  scales  must  be  accounted  for.  Upon  re-examination  of  Eq.  (1),  the  two  parameters  which 
might  significantly  affect  the  intensity  are  the  scattering  cross  section.  A,  and  the  absorption 
coefficients,  ai  and  <X2 •  We  propose  that  the  regions  of  the  diamond  films  attributed  to  graphite¬ 
like  structures  are  actually  regions  of  sp2-type  bonding,  dissimilar  to  graphite,  but  distinctly 
different  from  a-C  such  that  their  respective  features  may  be  resolved  in  the  Raman  spectrum.  The 
results  presented  in  this  paper  suggest  that  the  optical  constants  of  these  structures  must  be  quite 
different  from  those  of  graphite. 


The  Raman  spectra  of  various  diamond  thin  films  have  been  examined.  The  features  displayed 
by  the  films  suggest  that  they  are  composites  of  sp^  and  sp^-type  bonding.  We  have  attempted  to 
understand  the  nature  of  these  films  using  composites  of  diamond  and  graphite  powder  samples. 
We  have  proposed  a  simple  model  to  the  Raman  scattering  from  our  composites  and  found 
reasonable  agreement  to  our  experimental  data.  Our  investigation  demonstrates  that  both 
concentration  and  crystallite  size  have  significant  effects  on  the  resulting  Raman  spectra.  In 
diamond  films  containing  regions  of  true  diamond  and  graphite,  we  predict  that  the  Raman  spectra 
could  be  used  to  estimate  th®  relative  concentrations  of  these  regions,  but  we  emphasize  that  the 
sizes  of  the  various  domains  in  the  films  must  first  be  known.  We  have  found  that  the  sp^-type 
bonding  in  the  films  does  not  correlate  well  to  graphite-like  structures,  and  we  therefore  propose 
that  the  diamond  films  are  composites  of  sp^-type  bonding  having  long-range  order  and  sp^-type 
bonding  of  some  as  yet  unknown  configuration. 
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OUTLINE  QF  DISCUSSION 

-  GENERAL  FEATURES  OF  DIAMOND  AND  DIAMOND-LIKE  FILMS 

-  EXAMINATION  OF  BORON  NITRIDE/  DIAMOND  AND  GRAPHITE/ 
DIAMOND  POWDER  SAMPLES 

-  CORRELATION  OF  RESULTS  TO  DIAMOND  AND  DIAMOND-LIKE 
THIN  FILMS 

-  CONCLUSIONS  AND  AREAS  OF  FURTHER  RESEARCH 


RAMAN  INTENSITY(ARB.  UNITS) 


WAVENUMBER(CM'I) 


i 


CONCENTRATION  OF  DIAMOND 
(  %  DIAMOND) 


Iboron  nitride  ^  CXbn  Nbn  Vbn 
IdIAMOND  aD  Nd  Vd 


Id  (X d  Nd  Vd 

^BN  CXbn  Nbn  Vbn 


Vd  2L  Vbn 


%  diamond  =  Pd  = 


Nd 


Nbn  +  Nd 


Id  ^  r  Pd  ■» 

Ibn  aBN  1-Pd  * 


•  >>! 


Experimental 

Theoretical 


By  best  curve  fitting, 


OCd 

(Xbn 


2.15 


RAMAN  INTENSITY(ARB.  UNITS) 


RATIO  OF  PEAK  INTENSITIES  vs. 
CONCENTRATION  OF  DIAMOND 


Io  CD  Np  Vp 
aG  Ng  Vg 


Np 

Pd  =  Ng  +  Np 


PROBLEMS 

1)  THE  ABSORPTION  OF  GRAPHITE  NOT  NEGLIGIBLE 

2)  MAY  NOT  ASSUME  Vd  =  Vg 


Id  OCp  Vp  r  Pp  ■» 
ac  Vg  1'Pd 


ao  ^  50a p 


THEN  AT  Pp  =  50%, 

Id  1  V  p  ..  __  V  p  i*7ca 

Ig  ^  50  Vg  “  35  OR  Vg  =  1750 


M QUEL 

•  INCIDENT  LASER  LIGHT  ABSORBED  IN  FIRST  400A 


-  ASSUME  CRYSTALUTE  SIZE  OF  ~  15^im 


SUMMARY 


-  DIAMOND  AND  DIAMOND-LIKE  THIN  FILMS  ARE 
COMPOSITES  OF  SP2  AND  SP3  STRUCTURES 


-  SCATTERING  CROSS  SECTION  OF  BN  GREATER  THAN 
DIAMOND  BY  A  FACTOR  OF  TWO 


-  GRAPHITE  /  DIAMOND  COMPOSITES  OF  1  %  DIAMOND 
SHOW  EQUAL  ABSOLUTE  PEAK  INTENSITIES 


ABSOLUTE  PEAK  INTENSITIES  OF  GRAPHITE  DO  NOT 
CORRELATE  WELL  TO  STRUCTURES  ASSOCIATED  WITH 
SP2  BONDING  IN  DIAMOND  FILMS 


The  Analysis  of  Defect  Structures,  Substrate/Film  Interfaces 
and  Nucleation  of  Diamond  Thin  Films 


R  F  Williams,  J.  T.  Glass  ami  R  F.  Davis 
Department  of  Materials  Science  and  Fngineering 
North  Carolina  State  University 
Raleigh.  NC  27695-7907 


Thin  films  of  diamond  grown  by  microwave  plasma  enhanced  chemical  vapor 
deposition  (MPCVD)  have  been  examined  utilizing  a  variety  of  electron  microscopy 
techniques  including  scanning  electron  microscopy  (SEM),  transmission  electron 
microscopy  (TEM).  high  resolution  TEN1  (IIRTEM),  and  transmission  electron  energy  loss 
spectroscopy  (EELS).  Film  morphology,  defect  structure,  the  nature  of  the  diamond- 
substrate  interface  and  the  bonding  type  of  relatively  local  regions  will  be  discussed  during 
the  presentation 

The  as-grown  film  surfaces  consist  of  multi-faceted  diamond  grains  up  to 
approximately  1  pm  in  size  The  facets  on  these  diamond  grains  exhibit  symmetry 
characteristic  (if  certain  low  index  crystallographic  planes.  In  addition,  many  steps,  ledges, 
and  secondary  growth  sites  on  the  grain  facets  were  observed  at  high  magnification.  Plan- 
view  and  cross  sectional  TEM  wete  utilized  to  analyze  the  defects  in  the  diamond  films. 
All  of  the  films  examined  contained  a  high  density  of  planar  defects  that  were  primarily 
{111}  microtw  ins  and  stacking  faults.  Dislocations  in  these  diamond  grains  have  also  been 
observed.  No  precipitates  ot  other  phases  have  been  observed  within  the  grains  or  at  grain 
boundaries.  However,  a  thin  buffer  layer  of  SiC  was  observed  at  the  diamond/Si  interface. 
Selected  area  diffraction  and  IIRTEM  indicated  it  was  epitaxial  with  the  Si  substrate: 
however,  bright  field  contrast  observed  in  the  layer  indicated  a  high  defect  density  in  the 
layer. 


The  first  lattice  imaging  of  CVD  diamond  films  has  also  been  accomplished  and 
indicates  that  some  diamond  grains  are  in  a  twinned  epitaxial  relationship  w  ith  the  Si 
substrate  in  local  regions,  but  that  other  grains  are  randomly  oriented.  Finally,  a  film 
grown  for  a  relatively  short  time  has  been  examined  to  investigate  the  nucleation  stage.  No 
special  defects  were  obsetved  at  the  scratches  and  numerous  particles  were  seen  to  nucleate 
where  no  scratches  could  be  seen.  Ongoing  work  includes  continued  investigation  of  the 
initial  stages  of  nucleation  and  the  evaluation  of  bonding  via  EELS  which  has  thus  far 
shown  no  sp^  component  in  the  Film,  even  in  highly  defective  regions. 

Support  of  SDIOIIST  through  the  Office  of  Naval  Research  (M.  Yoder,  contract 
monitor)  is  gratefully  acknowledged.  Furthermore ,  partial  support  of  the  ORAU.SHaRE 
program  and  the  efforts  of  Karren  More  and  James  Bentley  are  very  much  appreciated. 
Samples  were  kindly  provided  by  Dr.  K.  Kohashi  and  Y.  Kawate  of  Kobe  Steel,  Ltd. 
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AMORPHOUS 


Conclusions 

•  Diamond  crystals  contain  a  high  density  of  defects 
but  the  defect  concentration  is  reduced  at  lower 
methane  concentrations 

•  The  defects  observed  include  twins,  stacking  faults, 
and  dislocations:  no  precipitates  or  second  phases 
were  observed 

•  A  thin  epLaxial  buffer  layer  of  p-SiC  was  observed 
at  the  interface  when  the  CH4/H2  was  0.3% 

•  EELS  has  been  utilized  to  identify  diamond 
bonding  (as  opposed  to  amorphous  carbon  or 
graphite) 


EVIDENCE  FOR  PRECURSOR  STRUCTURES 
IN  THE  DEPOSITION  OF  DIAMOND  FILMS 


RJ.  NEMANICH,  R.E.  SHRODER,  J.T;  GLASS,  AND  G.  LUCOVSKY 
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OUTLINE 

1)  CHARACTERIZE  RAMAN  FEATURES 

2)  IDENTIFY  COMPOSITE  FEATURES 

3)  PHOTOLUMINESCENCE 

4)  GROWTH  vs  TIME 


RAMAN  INTENSITY(ARB.  UNITS) 


RAMAN  INTENSITY(ARB.  UNITS) 


► 

► 


WAVENUMBER(CM-I) 


INTENSITY  (ARB  UNITS) 


RAMAN  SHIFT  (cm*1) 


SUMMARY 


1 )  CVD  CARBON  FILMS  ARE  COMPOSITES 

2)  RAMAN  FEATURES  GREATER  THAN  1340  cm*l  ARE  DUE  TO 
3-FOLD  COORDINATED  STRUCTURES 

3)  RAMAN  FEATURES  FOR  4-FOLD  COORDINATED 
STRUCTURES  WILL  OCCUR  AT  LESS  THAN  1340  cm  K 

4)  RAMAN  FEATURE  AT  1140  cm  »  : 

OCCURS  AT  ONSET  OF  DIAMOND  FORMATION. 
CORRESPONDS  TO  "AMORPHOUS,  TETRAHEDRAL  C" 

5)  LUMINESCENCE  AT  1.68  eV  CORRELATES  WITH  1332  cm  » 
DIAMOND  FEATURE. 

6)  GROWTH  PROCESS  APPEARS  NON-LINEAR 
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The  Growth  and  Characterization  of  Cu 
Single  Crystals  and  the  Hot  Filament 
Assisted  CVD  of  Diamond  on  Various 

Substrates 


J.  T.  Glass,  Y.  H.  Lee,  1>.  D.  Richard, 
H.  S.  Kong  and  K.  J.  Bachniann 


Department  of  Materials  Science  and  Engineering 
North  Carolina  State  University 
Raleigh,  NC  27695-7907 


Objective:  Monocrystalline  Diamond  Films  for 
Electronic  Applications 


Approach:  Construct  and  characterize  CVD  system  for 
diamond  growth 

Evaluate  various  single  crystal  substrates 
which  have  potential  for  growing  2-D, 
monocrystalline  diamond  films 


Frequency  Shift  (cm’1) 


Substrates  Investigated 


i 

i 

i 

i 
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Control  and  System  Characterization 
Si  (100),  on-  and  off-axis 

High  Bond  Energy  Substrates 

p-SiC  (100),  on-  and  off-axis 
a-SiC  (0001) 

NbC  (large  grain  polycrystalline) 


Lattice  Matched  Substrates 

Cu  (111) 

Ni  on  Cu  (111) 

Ni  on  P-SiC  (100) 

i 

I 

I 


i. 


ii. 


hi. 
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Criterion  for  Two  Dimensional  Growth* 


I.  Surface  Energies 

•  Dupre  Relation:  a*  =  oa  +  ob  -  P 

o*  =  excess  interfacial  energy 
P  =  adhesion  energy 
A  =>  film 
B  =>  substrate 

1)  P  =  »  (o*  =  OA  +  OB) 

2 >//,©//  P  =  oa  (a*  =  au) 

3)  ///////  P  > 

II.  Nucleation  Energy  Considerations 

•  P  >  2Ga  or  Ga  <  (7b  -  G*  =>  2-D 

III.  Atomic  Model  (Kossel’s  Model) 

•  <I>ab  >  ^aa  =>  2-D 

(If  Oaa  >  Oab  =>  always  get  3-D  growth) 


*  From  R.  Kern,  G.  LeLay  and  J.  J.  Metois,  Chapter  3  in  Current  Topics  in 
Materials  Science,  Vo!.  3,  edited  by  E.  Kaldis,  North-IIolland  Pub.  Co.  (1979). 
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l)iamond  panicles  on  (a)  Cu  (II!) 
and  (b)  Ni  coaled  (2(K)A)  Cu  (III) 


Frequency  Shift  (cnr1) 
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Summary 


Si (100) 

Oil-Axis 

Nucleation 

Faceting 

Scratched 

Polished 

10°  of  f-axis 

High 

l 

Medium 

19°  off-axis 

25°  off-axis 

P-SiC 

on-axis 

r~  Low 

Medium 

polished  _ 

pul,  ox,  etch 

High 

) 

Low 

4°  off-axis 

10°  off-axis  _ _ 

J Lwy 

Low 

cx-SiC 

oil-axis 

Low 

Low 

Nb-C 

Low 

High 

Cu 

(210) 

(111) 

Medium 

Low 

S/C 

Medium 

Medium 

D/C 

Low 

Low 

Ni  on 

Cu  (111) 

P-SiC 

Low 

Low 

graphite  islands 

High 

— 

diamond  particles 

Low 

Low 

Conclusions 


A  UHV  compatible  Hot  Filament  CVD  System 
has  been  designed,  constructed  and  characterized. 


The  use  of  large  angle  off-axis  polished  Si  (111) 
substrates  yielded  results  similar  to  on-axis 
substrates. 


High  bond  energy  single  crystal  substrates  were 
examined  (p-SiC,  ot-SiC  and  NbC)  and  found  to 
affect  particle  morphology. 


Cu  single  crystal  substrates  resulted  in  particles 
and  a  thin  background  film. 


Ni  sputtered  onto  P-SiC  single  crystals  caused  a 
mixture  of  diamond  particles,  graphitic  islands 
and  a  background  yielding  both  amorphous 
carbon  and  diamond  characteristics. 


DIAMOND  CVD  AND  IN  SITU  ANALYSIS 
SYSTEMS  AT  NCSU 


ANALYSIS  SYSTEM 


•  Initial  Capabilities 


DIAMOND  PLASMA  ENHANCED 
CVD  SYSTEM 

•  Remote  or  Immersed  Plasma 

•  Substrate  Heating  to  12O0°C 

•  Substrate  Preparation  Chamber 

•  RHEED  Analysis 


PROSPECTS  FOR  A  DIAMOND  POWER  MESFET* 


R.  J.  Trew  and  J.  B.  Yan 

Electrical  and  Computer  Engineering  Department 
North  Carolina  State  University 
Raleigh,  North  Carolina  27695-7911 


’'‘This  work  was  supported  fc>  SDIO/IST  through  the  Office  of  Naval  Research 


Objective:  To  investigate  the  suitability  of  semiconducting  diamond 
as  a  material  for  fabrication  of  microwave  power  MES- 
FETs. 


Approach:  Design  a  diamond  power  MESFET  and  study  its  RF  opera¬ 
tion  by  means  of  computer  simulations  using  the  NCSU 
large-signal  MESFET  model. 


Velocity  (cm/sec) 


E-Field  (kV/cm) 


Electron  Velocity  vs  Electric  Field 
for  Several  Semiconductors  at  tsL  =  1017cm*3 


E-Field  (kV/cm) 


Hole  Velocity  vs  Electric  Field  for 
Several  Semiconductors  at  NH  =  1017 


Ionization  Coefficient  (cm-1) 


DIAMOND  POWER  MESFET 


Source 


Lds 

*-gs 

Lg 

1  9 

Gate 

_ 

Drain 


Channel 


Substrate 


Parameter  Value 


LS 

1  p.m 

Lds 

4  p.m 

Lgs 

1  |j.m 

Nd 

2.7  x  IOI7cm"3 

a 

0.27  |j.m 

W 

1  mm 

<l>bi  (Au) 

1.71  eV 

Rc 

-JO  4  0  -cm2 

50. 


Channel-thickness(um) 


FACTORS  LIMITING  THE  ATTAINABLE  RF 
OUTPUT  POWER  OF  A  MESFET 


Charge  Carrier  Transport  Characteristics 
Low-Field  Mobility 
Saturation  Velocity 


Gate-Drain  Breakdown  Voltage 
DC  Bias 
RF  Voltages 


•  Semiconductor  Thermal  Conductivity 
Heat  Dissipation 


•  Maximum  Allowed  Channel  (Junction)  Temperature 


Input  Circuit  Impedance  Matching  Considerations 
Maximum  Gate  Width 


Diamond 


Vs(x10e7  cm/sec) 


30. 


40. 

BVgd(V) 


50. 


THERMAL  RESISTANCE 


Spreading  resistance 
between  device 
and  heat  sink 


Thermal  resistance 
of  substrate 


4ijT, 

225kttc1“ 


+ 


Thermal  resistance 
of  active  layer 

/ 

4I2T  9 

- ~  ~~z  (°K/W) 

560KiTd“ 


d  =  diameter  (cm) 

Kjig  =  thermal  conductivity  of  heat  sink  (W/°K-cm) 
k  =  thermal  conductivity  of  semiconductor  (W/'K-cm) 
Rpkg  =  thermal  resistance  of  package  and  bonding  (°K/\V) 
lj  =  substrate  thickness  (cm) 

Tj  =  average  temp,  of  substrate  (Tv) 

12  =  active  layer  thickness  (cm) 

T2  =  average  temp,  of  active  layer  (°K) 


JUNCTION  TEMPERATURE 

Tj  =  300  +  eth(l-^)VdcJdcA  (°K) 


Jdc  =  Bias  current  density  (A7cm2) 

A  =  Channel  area  (cm2) 

T|  =  RF  generation  efficiency 
Vdc  =  Bias  voltage  (V) 


Maximum  RF  Output  Power  at  10  GHz 


Device  Input  Impedance  Matched  to  1  Ohm 


GaAs 

Diamond 

Input  Impedance  (Ohm) 

Zjn  for  Z  =  1  mm 

10  - j  1 1.5 

12.5  -j25 

Zjn  for  max.  width 

1  -  j  1. 15  (10mm) 

0.7 -j  1.39  (18mm) 

RF  Power  at  Max.  Width  (W) 

8 

225 

Thermal  Resistance  (°C/W) 

10.2 

1.8 

pdiss  (W) 

15.8 

187 

Power-Added  Efficiency  (%) 

30 

36 

Channel  Temp.  Increase  (°C) 

113 

215 

NORMALIZED  MICROWAVE  RF  POWER 
ACHIEVABLE  FROM  TRANSISTORS 


PrF  =  Microwave  Output  Power  (W) 

Z  =  Gate  (Base)  periphery  norm 
input  impedance 

alized  to  equivalent 

Device 

P  (W/unit  w'idth) 

GaAs  MESFET 

-  1-1.5 

HEMT 

-  1 

Heterojunction  Bipolar 

-  4.5-5 

Diamond  MESFET 

-  25 

Diamond  Bipolar 

? 

? 


Diamond  PBT 


1  db  Compressed  RF  Output  Power  for  Microwave  Power  MESFETs 


CONCLUSIONS 


The  RF  performance  of  a  diamond  power  MESFET  has  been 
investigated  theoretically  using  a  large-signal  device  simulator. 


Diamond  power  MESFETs  arc  capable  of  generating  RF  output 
power  levels  greater  than  existing  or  proposed  compound  sem¬ 
iconductor  transistors  (Ppp  -  25  W/unit  periphery). 


A  diamond  power  MESFET  can  generate  microwave  power  at 
X-band  with  an  efficiency  in  excess  of  40%. 


Diamond  power  MESFETs  have  more  linear  response  and 
greater  dynamic  range  than  GaAs  MESFETs. 
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